Modeled tephra ages from lake sediments, base of Redoubt Volcano, Alaska by Schiff, C J et al.
UCRL-JRNL-228381
Modeled tephra ages from lake
sediments, base of Redoubt
Volcano, Alaska
C. J. Schiff, D. S. Kaufman, K. L. Wallace, A.
Werner, T. L. Ku, T. A. Brown
February 27, 2007
Quaternary Geochronology
Disclaimer 
 
 This document was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor the University of California nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any 
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, 
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or the University of California. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States Government or the University of California, 
and shall not be used for advertising or product endorsement purposes. 
 
 1 
Modeled tephra ages from lake sediments, base of Redoubt Volcano, Alaska 1 
  2 
Caleb J. Schiffa, Darrell S. Kaufmana*, Kristi L. Wallaceb, Al Wernerc, Teh-Lung Kud, 3 
Thomas A. Browne 4 
 5 
a Department of Geology, Northern Arizona University, Flagstaff, AZ 86011-4099, USA 6 
b U.S. Geological Survey, Alaska Volcano Observatory, Anchorage, AK 99508, USA 7 
c Department of Earth and Environment, Mt. Holyoke College, South Hadley, MA 01075, 8 
USA 9 
d Department of Earth Science, University of Southern California, Los Angeles, CA 10 
90089, USA 11 
e Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory, 12 
Livermore, CA 94551, USA 13 
 14 
*Corresponding author.  Tel.: + 1 928 523 7192. 15 
Email address: Darrell.Kaufman@nau.edu 16 
 2 
Abstract 17 
 18 
A 5.6-m-long lake sediment core from Bear Lake, Alaska, located 22 km southeast of 19 
Redoubt Volcano, contains 67 tephra layers deposited over the last 8750 cal yr, 20 
comprising 15% of the total thickness of recovered sediment.  Using 12 AMS 14C ages, 21 
along with the 137Cs and 210Pb activities of recent sediment, we evaluated different 22 
models to determine the age-depth relation of sediment, and to determine the age of each 23 
tephra deposit.  The age model is based on a cubic smooth spline function that was 24 
passed through the adjusted tephra-free depth of each dated layer.  The estimated age 25 
uncertainty of the 67 tephras averages ± 105 yr (1σ).  Tephra-fall frequency at Bear Lake 26 
was among the highest during the past 500 yr, with eight tephras deposited compared to 27 
an average of 3.7 per 500 yr over the last 8500 yr.  Other periods of increased tephra fall 28 
occurred 2500-3500, 4500-5000, and 7000-7500 cal yr.  Our record suggests that Bear 29 
Lake experienced extended periods (1000-2000 yr) of increased tephra fall separated by 30 
shorter periods (500-1000 yr) of apparent quiescence. The Bear Lake sediment core 31 
affords the most comprehensive tephrochronology from the base of the Redoubt Volcano 32 
to date, with an average tephra-fall frequency of once every 130 yr. 33 
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1. Introduction 40 
 41 
Lakes are key geologic archives because, unlike other terrestrial depositional settings, 42 
sediment accumulates continuously in lakes and the preservation potential of deposits is 43 
high. Late Quaternary lake sediment can usually be dated by radiometric methods such as 44 
14C and 210Pb.  In volcanically active regions, lake sediment preserves tephra from nearby 45 
volcanoes and, combined with an age-depth model, can provide valuable records of late 46 
Quaternary eruption and tephra-fall frequency.  Acquiring a well-dated tephrochronology 47 
from lake sediment is challenging, however.  Holocene tephras are generally too young 48 
for direct dating by the decay of long-lived radioisotopes (e.g., K-Ar).  Radiocarbon ages 49 
on organic matter directly below or within a tephra bed provide the most useful 50 
information for determining the timing of each tephra fall.  Bioturbation, hardwater 51 
effects, or the input of organic matter to the lake following long-term storage on the 52 
landscape can lead to aberrant 14C ages, however.  Moreover, dating each tephra in lake 53 
sediment can be impractical because organic matter suitable for 14C analysis rarely occurs 54 
adjacent to each tephra layer, and some lakes contain too many tephra layers to be cost 55 
effective (e.g., >100 at Paradox Lake, Kenai Peninsula; de Fontaine et al., in press).  56 
Therefore, the most practical approach to obtaining accurate ages for an entire sequence 57 
of tephras within a sediment core is to develop an age-depth model based on interpolation 58 
between dated levels (e.g., Andrews et al., 1999).  59 
The type of interpolation best suited for age-depth modeling of sediment cores has 60 
been considered in previous studies (e.g., Bennett, 1994; Boreux et al., 1997; Telford et 61 
al., 2004a).  Because of the uncertainties inherent in radiometric dating and those 62 
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associated with the age of the dated sample relative to the surrounding sediment, any 63 
single age is unlikely to be absolutely correct.  Smoothing functions can minimize these 64 
errors by relying on the assumption that changes in sedimentation rate occur relatively 65 
slowly and uniformly, rather than imposing stepped rate changes at the level at each 66 
dated sample.  This seems reasonable in absence of lithostratigraphic or chronologic 67 
evidence for abrupt change (e.g., slump deposits, age reversals, and erosive contacts).  In 68 
lakes with little fluvial input, a significant tephra fall event causes a rapid increase in 69 
sedimentation rate compared to the background sedimentation within the lake. Where 70 
tephra layers comprise a significant proportion of the total lake sediment, they must be 71 
accounted for when determining core chronology. 72 
In this study, we evaluate several functions for modeling the age-depth relation as 73 
applied to a lake core from Bear Lake near Redoubt Volcano, Alaska.  A previous core 74 
from this lake (Riehle, 1985) demonstrated that numerous tephra layers were preserved in 75 
the lake deposits.  At the time of the previous study, however, AMS dating was not 76 
routinely available and few radiocarbon ages were obtained.  We then use the new age 77 
model to derive the ages of each tephra bed preserved within the lake deposits. This 78 
record provides new insight into the tephra-fall frequency for south-central Alaska. Our 79 
study extends the historical eruptive record (since AD 1760) of Cook Inlet volcanoes 80 
compiled by the Alaska Volcano Observatory (http://www.avo.alaska.edu/), and places 81 
such events in the context of regional Holocene volcanism.  82 
  83 
2. Regional setting 84 
 85 
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Bear Lake is located in the Cook Inlet lowland, south-central Alaska (60° 25.20’ N, 152° 86 
21.40’ W), 22 km southeast of Redoubt Volcano and ~3 km west of Cook Inlet (Fig. 1). 87 
Bear Lake has a surface area of 0.5 km2 and a water volume of 4.9 km3 (Fig. 2), and 88 
comprises two sub-basins, both with maximum depths of 17 m.  The subbasins are 89 
separated by a 5-m-deep bathymetric high.  The drainage-basin area is about 1.5 km2 and 90 
the lake receives little input from surface inflow streams.  A small stream exits the lake to 91 
the north. The land cover immediately surrounding Bear Lake is mostly shrub tundra.  92 
Alder arrived in the upper Cook Inlet region ca. 9500 cal yr, spruce arrived 1500 cal yr, 93 
and the modern vegetation assemblage was established soon after (Ager, 2000; Anderson 94 
et al., 2006), so terrestrial vegetative material has probably been deposited in the lake for 95 
most of the Holocene. The Cook Inlet lowlands were last glaciated during the late 96 
Wisconsin (Karlstrom, 1964; Reger and Pinney, 1996), and Bear Lake is a kettle formed 97 
in drift of this age.  It is located 7 km northwest of the Harriet Point debris avalanche 98 
deposit originating from Redoubt Volcano of latest Pleistocene age described by Begét 99 
and Nye (1994).  The present climate of the upper Cook Inlet region is transitional 100 
maritime continental.  Spatial interpolation of climate-station data (Brabets et al., 1999) 101 
shows that the Bear Lake area has a mean annual temperature of about -3°C and mean 102 
annual precipitation of about 120 cm.  103 
Five volcanoes of Quaternary age border the western Cook Inlet: Augustine, 104 
Hayes, Iliamna, Redoubt, and Spurr (Fig. 1).  All have been active during the Holocene 105 
and are located within a radius of 130 km from Bear Lake.  Bear Lake probably has 106 
received tephra from all five Cook Inlet volcanoes during the Holocene, although the 107 
majority of the tephras are likely from Redoubt Volcano, with its summit vent located 108 
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only 22 km northwest of the lake.  The most recent eruption at Redoubt Volcano occurred 109 
in AD 1989-1990 and consisted of multiple events from December 16 to April 26 (Scott 110 
and McGimsey, 1994).  Other historical eruptions from Redoubt include AD 1902 and 111 
1966-68 (Wallace et al., 2000).  112 
The reported frequency of Holocene tephra fall for the Cook Inlet region ranges 113 
from about once every 100 yr (Begét et al., 1994; de Fontaine et al., in press) to once 114 
every 1000 yr (Riehle, 1985).  Discrepancies in these records reflect the differential 115 
ability of various lakes or other depositional environments to record tephra fall, as well as 116 
their proximity to the major Cook Inlet volcanoes.  117 
 118 
3. Methods 119 
 120 
The bathymetry of Bear Lake was mapped prior to coring using a recording sonar fish-121 
finder with integrated GPS.  On the basis of the survey, multiple sites were targeted for 122 
coring (Fig. 2) in an attempt to recover the thickest sequence of lacustrine sediment.  123 
Cores were recovered in August 2005 with percussion and gravity corers operated from a 124 
floating platform.  Three percussion (7.6 cm diameter) and companion surface cores (6.5 125 
cm diameter), up to 5.6 and 0.7 m long, respectively, were taken from water depths ≤ 16 126 
m.  Coring at site BL-4 (Fig. 2), located on the interbasin bathymetric high, did not yield 127 
a percussion core. Core BL-3, along with its companion surface core, BL-3B 128 
(collectively, “BL-3/B”), contain the longest sedimentary sequence and are the focus of 129 
this paper.  130 
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One of the two surface cores from site BL-3 (core BL-3A) was extruded in 131 
contiguous 0.5 cm intervals, and the upper 8.5 cm were used for 210Pb and 256Cs dating.  132 
The other surface core BL-3B, was transported to the lab and used for tephra position and 133 
thickness measurements and correlation with the percussion core.  Dry bulk density was 134 
measured on 4 cm3 of sediment sampled from each 0.5 cm level.  The activities of 137Cs 135 
and 210Pb (following subtraction of 226Ra activity = excess 210Pb, 210Pbex) were measured 136 
by gamma counting for a minimum of 2 days at the University of Southern California. 137 
Laboratory analysis at Northern Arizona University was carried out in the 138 
following order: 1) cores were split, photographed, and the major physical sediment 139 
characteristics were described; 2) 1-2 cc of tephra was sieved at 1.0 mm (16 mesh) and 140 
the largest grain retained was measured with vernier calipers while the grain size of the 141 
representative bulk sample was visually compared with a standard grain size chart; 3) 142 
magnetic susceptibility (MS) was measured on split-core faces at 0.5 cm intervals using a 143 
Bartington MS2 meter with Surface Scanning Sensor MS2E; and 4) vegetation 144 
macrofossils for radiocarbon analysis were picked from sieved lake sediment, and dried 145 
under a laminar-flow hood. Samples were pre-treated using standard wet-chemistry 146 
techniques at University of Illinois, and analyzed for 14C by AMS at Lawrence Livermore 147 
National Laboratory.   148 
Twelve 14C ages were obtained on terrestrial organic material (leaf blades and 149 
wood) from BL-3 (Table 2).  Thin, black laminations are prominent and the core and 150 
contained leaves that were used for dating.  The blade margin of a leaf from a depth of 151 
284.5 cm below lake floor (blf) was identified as the genus Alnus.  Other blade margins 152 
were not sufficiently preserved for identification but resembled sample BL-3-284.5.  We 153 
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attempted to date organic-rich layers near major tephra deposits to avoid long-distance 154 
extrapolation of their ages, while aiming for relatively even coverage across the core 155 
depth to facilitate a robust age-depth model.  The 14C ages were calibrated to calendar 156 
years using CALIB (v 5.0.2; Stuvier and Reimer, 1993).  We used the median probability 157 
age output by CALIB as the single best estimate of the central tendency of the calibrated 158 
age (Telford et al., 2004b), and report all ages in reference to cal yr AD 1950. 159 
 160 
4. Results 161 
 162 
4.1. Core description 163 
 164 
Sediment from Bear Lake includes two main types: organic-rich mud (gyttja) and tephra.  165 
Tephra comprises about 15% of the total thickness of the sediment sequence in core BL-166 
3.  Individual tephra layers range from 0.1 to 8.0 cm thick and most lack internal 167 
structure.  Tephra grains are light to dark gray and range in size from ash to lapilli. Both 168 
glass shards and pumice fragments are present.  On a fresh surface, the surrounding gyttja 169 
is olive-green to brown, but oxidizes rapidly to dark brown.  Most of the tephra layers 170 
exhibit sharp basal contacts with the underlying gyttja and the upper contacts are 171 
gradational over a few millimeters (Fig. 3 photo inset). Comparison between measured 172 
MS and tephra layers shows that MS can be used to faithfully detect each tephra layer.  A 173 
total of 67 tephra layers were documented in core BL-3/B; each tephra is labeled 174 
according to its basal depth measured to the nearest 1 mm blf (Table 3).      175 
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 MS and lithological comparisons, as well as a 2nd-order polynomial (r2 ≥ 0.999) 176 
fit between visually correlated tephra of BL-3 and BL-3B (Fig. 3 graph inset) suggest that 177 
~10 cm of sediment was lost during recovery of the percussion core.  The non-linear 178 
depth correlation between the short and long cores from the same site is attributed to 179 
differential compaction during gravity and percussion coring.  To account for the missing 180 
sediment, depths in core BL-3 were adjusted by 10.0 cm to obtain depths blf.  The length 181 
of time for tephra deposition was considered to be negligible compared to the ambient 182 
sedimentation rate.  As such, each tephra horizon was assigned an adjusted, tephra-free 183 
depth blf by subtracting the cumulative thickness of all overlying tephra. 184 
 185 
4.2. Age model 186 
4.2.1. 137Cs and 210Pb 187 
 188 
210Pb accumulates in lake sediments from natural, atmospheric fallout and decays to 226Ra 189 
at a half life of 22.3 yr.  137Cs was introduced into the atmosphere during nuclear 190 
weapons testing.  Weapons testing, and subsequent 137Cs fallout began in 1954 and 191 
peaked in 1963 (Wolfe et al., 2004).  Accumulation rates determined from analyses of 192 
both isotopes provide independent dating techniques for sediment deposited during the 193 
last ~170 years.  The 137Cs profile rises from background levels at about 2.75 cm blf, then 194 
exhibits two peaks in the upper 2 cm blf (Fig. 4a).  We correlate the initial rise with the 195 
onset of nuclear weapons testing ca. 1954 and the smaller peak (1.75 cm blf) with the 196 
height of atmospheric weapons testing in 1963.  We tentatively correlate the highest 197 
value for 137Cs activity at 0.75 cm blf with the Chernobyl nuclear reactor incident of 1986 198 
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which has been identified in lake sediments and glacier ice in the northern hemisphere 199 
(Pinglot and Pourchet, 1995).  This interpretation yields an apparently constant 200 
sedimentation rate of about 0.4 mm yr-1 averaged over both the last ca. 20 and 40 yr, and 201 
about 0.5 mm yr-1 over the last 50 yr. 202 
 The 210Pbex data were interpreted using the constant rate of supply (CRS) model 203 
(Appleby, 2001) to derive an age-depth curve for the top sediment (Fig. 4b).  The CRS 204 
model assumes a constant flux of 210Pb but accounts for the variable flux of sediment into 205 
the lake.  It yields a weighted average sedimentation rate 0.06 cm yr-1 and a linear 206 
sedimentation rate of 0.07 cm yr-1 over the dated interval of 0 to 8.5 cm (Table 1; Fig. 4).  207 
These average rates agree with the interpretation of the data based on the constant initial 208 
210Pb concentration (CIC) model, which assumes a constant concentration of 210Pb (not 209 
constant flux) at the lake surface.  For this model, the logarithmic decrease of 210Pbex 210 
activities plotted against depth yields a slope of  -0.467 ± 0.053, resulting in an average 211 
sedimentation rate of 0.07 ± 0.01 cm yr-1.  The agreement lends further support for the 212 
CRS age model, which we use to assign ages to the tephras. 213 
 The CRS model indicates that sedimentation rate at site BL-3 is slightly higher 214 
than is indicated by the 137Cs profile, resulting in age offsets of 10 to 20 yr.  The coarse 215 
sampling interval and redistribution of the uppermost sediment may explain the observed 216 
age offset between 137Cs and 210Pb. 217 
4.2.2. Integrated 210Pb and 14C 218 
 219 
All 12 14C ages, the oldest age from the 210Pb CRS model, and the modern (0 cm = 2005) 220 
were combined to construct an integrated age-depth model for core BL-3/B based on the 221 
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tephra-free depths of the dated levels.  We evaluated the performance of two functions in 222 
modeling the age-depth relation of the core: a least-squares polynomial and a cubic 223 
smooth spline (Fig. 5a).   The latter was constructed using the formulation of Heegaard et 224 
al. (2005) and the statistical software R (http://cra.r-project/; last accessed 3 June 2006).  225 
For the least-squares fit, we chose a 4th-order polynomial because it is flexible enough to 226 
capture the major inflections in sedimentation rate (r2 = 0.999), and because higher-order 227 
functions do not significantly improve the fit.  For the spline fit, the stiffness of the curve 228 
is determined by the K value, which is the number of splines used in the regression. K 229 
values may range from 1 to n–1, where n = the number of dated levels.  For K =  n = 14, 230 
the age model (blue curve in Fig. 5a) appears to over-interpret changes in the 231 
sedimentation rate.  Lower K values tend to produce a smoother fit, but show little 232 
difference between K = 3 and K = 13 for dated levels in BL-3/B.  We selected K = 9, 233 
which is about the average of all model ages (3 < K < 14), determined by summing the 234 
absolute age difference of each 1 mm interval of each model versus the average of all 235 
models. 236 
 The 4th order least-squares and spline functions generate similar age-depth models 237 
for the core.  The average absolute difference between the two models evaluated at 10 cm 238 
increments is 15 yr, and the two differ by more than 100 yr over only one short interval 239 
(440-400 cm; Fig. 5a inset).  This similarity is despite the fact that the least-squares fit is 240 
based on the median probability age, whereas the spline fit uses the midpoint of the 1 241 
sigma probability range.  Where sedimentation-rate changes are more complicated, or 242 
where the number of ages is large relative to the number of sedimentation rate changes, 243 
then the spline function would likely out-perform other models (Telford et al., 2004a). 244 
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 An additional advantage of the cubic spline model is its capability to estimate the 245 
age uncertainty at each level in the core (Heegaard et al., 2005).  The model adopts a 246 
conservative approach to assessing the uncertainty by combining both the uncertainty 247 
associated with individual calibrated ages (within-object variation) with the uncertainty 248 
of how well the age represents the age of a particular core level (between-object 249 
variation).  Following the Heegaard et al. (2005) formalisms, we used the 1 sigma 250 
calibrated age ranges for the 14C ages as input to their error propagation function.  For the 251 
one 210Pb age, we assumed a conservative error of ± 20%.  The error envelope output by 252 
the model encompasses the 2 sigma calibrated age range of nearly every individual 14C 253 
age (Fig. 5b), and therefore seems appropriate. The resulting age uncertainty averages ± 254 
105 yr over the ca. 8750 yr sediment sequence.  For comparison, we also input the 2 255 
sigma calibrated age ranges into the model, but found the resulting error envelope to be 256 
unrealistically broad over some segments of the core (Fig. 5b; average uncertainty = ± 257 
140 yr). Following Heegaard et al. (2005), we adopt the error estimates derived using the 258 
1 sigma calibrated ranges for tephras from Bear Lake (Table 3). 259 
 260 
4.3. Tephra ages 261 
 262 
The spline-fit age model shows that the core penetrated sediment as old as 8750 cal yr.  263 
The function generated a list of ages for each 1 mm increment of core, which we used to 264 
determine the age at the base of each of the 67 tephra layers (Table 3).  On the basis of 265 
the spline-fit model, the average age uncertainty for the 67 tephras is the same as the 266 
average uncertainty over the entire core (± 105 yr).   267 
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We used the CRS model to assign ages to the top two tephras (BL-3B-3.0 and 268 
BL-3B-5.6).  We recognize, however, that the position and thickness of these tephras was 269 
measured on a separate core (BL-3B) than that which was analyzed for 210Pb and 137Cs 270 
(BL-3A).  We apply an uncertainty of ± 20% to approximate the error of applying the 271 
210Pb age from one core to the tephra in another.  The ages of the two tephras are –15 ± 272 
10 and 50 ± 20 cal yr (Fig. 4b), which suggests that they were derived from historical 273 
eruptions of Redoubt Volcano in AD 1966-68 and 1902 (Miller et al., 1998). Tephra from 274 
the most recent eruption of Redoubt Volcano (AD 1989-90) is not represented at Bear 275 
Lake, however, possibly because the eruption occurred in the winter months, when the 276 
surface of the lake was frozen, and because the predominant winter wind pattern is to the 277 
northeast.  Similarly, sediment cores from Paradox and Tustemena lakes (Fig. 1) (de 278 
Fontaine, in press) on the Kenai Peninsula do not contain tephra from the 1989-90 279 
eruption. 280 
 281 
5. Discussion 282 
 283 
5.1.  Tephra-fall frequency 284 
 285 
A histogram of tephra-fall frequency shows that the number of tephra layers preserved in 286 
Bear Lake sediment is not uniform throughout the Holocene (Fig. 6). Sediment deposited 287 
during the last 500 yr contains among the highest number of tephra layers (8) compared 288 
to other 500 yr intervals (average = 3.7 per 500 yr interval) back to 8500 cal yr.  The Bear 289 
Lake sediment record shows extended periods (1000-2000 yr) of increased tephra-fall 290 
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activity separated by shorter periods (500-1000 yr) of quiescence.  Tephra-fall frequency 291 
was highest (n = 17) between ca 2000-3500, and lowest (n = 1) ca. 1000-1500 and 8000-292 
8500 cal yr (Fig. 6).  293 
 Riehle (1985) presented data from a sediment core taken from the west sub-basin 294 
of Bear Lake in water depth of about 10 m (T. Ager, written communication, 2006), 295 
where sedimentation rate is lower compared to site BL-3 in the east sub-basin.  Riehle’s 296 
2.8-m-long core spans at least 10,000 yr BP.  Riehle (1985) characterized inter-tephra 297 
sediment as “silty fine sand,” which was not found in core BL-3/B, suggesting that the 298 
shallower core site has a different sedimentation regime.  This is supported by our surface 299 
core from site BL-4 in 5.5 m water depth, which contained a 6-cm-thick sand layer.  300 
Thirty-eight tephra layers were previously documented from Bear Lake by Riehle (1985).  301 
Based on grain size and geochemistry, 17 of the coarsest (pumice grain intermediate 302 
diameter >0.10 cm) tephra deposits were assigned to Redoubt Volcano, and 13 fine-303 
grained tephras were provisionally assigned to Redoubt Volcano based on the assemblage 304 
of mafic phenocrysts.  Thus, Riehle (1985) suggested that the average length of time 305 
separating Holocene eruptions of Redoubt Volcano was between 200 and 500 yr.  No 306 
tephras were assigned to Iliamna, Spurr, or Augustine Volcanoes, at least one was 307 
correlated with Hayes volcano, and seven tephras could not be assigned to a source 308 
volcano. 309 
 Our core from Bear Lake contains almost twice the number of tephra layers over a 310 
shorter interval compared to Riehle’s (1985) core from the same lake.  We attribute the 311 
more complete record to a core site with higher sedimentation rate, and suggest that 312 
tephra layers from different eruptions might be amalgamated where sedimentation rates 313 
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are lower.  In addition, our core site is located in the center of the deepest sub-basin and 314 
farther from the shoreline, where bottom sediment is less likely to be remobilized by 315 
near-shore currents, especially if past lake levels were lower. All of the tephras are 316 
relatively pure and the sediment enclosing tephra layers contains little volcanic glass, 317 
indicated that each tephra is primary and that reworking of older tephra into younger 318 
deposits was minimal. 319 
Using the same grain-size criterion as Riehle (1985), tephra layers containing 320 
grains of intermediate axis >0.10 cm was likely erupted from Redoubt Volcano.  Twenty-321 
nine tephras in our core meet this criterion (Table 3 bold), indicating an average tephra-322 
fall frequency from Redoubt Volcano of once every 300 yr.  This is an underestimate of 323 
the Redoubt Volcano eruption frequency because it does not include any of the finer-324 
grained tephras, many of which were probably derived from Redoubt Volcano.  325 
Furthermore, we cannot account for tephra plumes that did not result in deposition at the 326 
bottom of Bear Lake (e.g., winter eruption of 1989-90).  Our study of the provenance of 327 
Bear Lake tephras, including geochemical analyses, is in progress, and will provide a 328 
better estimate of the eruption frequency of Redoubt Volcano.  329 
Wind patterns in the Cook Inlet region vary between seasons and modern wind 330 
patterns may not be representative of other times during the Holocene.  Variations in 331 
tephra-fall frequency at Bear Lake, therefore, might reflect changes in wind patterns 332 
rather than changes in the eruptive activity.  Plume height and short-term variations in 333 
wind direction also strongly influence tephra and ash-plume trajectory.  For example, 334 
Scott and McGimsey (1994) report tephra distribution maps for the 1989-90 eruption that 335 
suggest highly variable wind patterns over the eruptive period, producing a wide area of 336 
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thin, tephra deposits.  With these considerations, the frequency of tephra fall determined 337 
from Bear Lake is considered a minimum.   338 
 339 
5.2.  Tephra correlations 340 
 341 
Tephra BL-300.5 is most likely from the Hayes volcano, which produced the most widely 342 
distributed tephra of Holocene age yet identified in south-central Alaska (Riehle et al., 343 
1990; Begét et al., 1991).  The Hayes tephra is a set of multiple layers erupted between 344 
3800 and 3500 14C yr BP (Riehle et al., 1990), which calibrates to between 4190 and 345 
3780 cal yr.  A distinguishing characteristic of the Hayes tephra is the presence of biotite 346 
phenocrysts (Riehle et al., 1990).  In core BL-3/B, the fine-grained, 8-cm-thick tephra 347 
layer containing biotite comprises at least two tephra beds separated by 1.5 cm of brown 348 
gyttja with lower MS (Fig. 3). Our age model yields an age for the base of the tehpra set 349 
at 4030 ± 90 cal yr, within the range of previous estimates.  Two other recently studied 350 
lake cores from Kenai Peninsula place the Hayes tephra between 3830 and 3730 cal yr 351 
(Paradox Lake) and between 4130 and 3780 cal yr (Tustumena Lake; Fig. 1) (de Fontaine 352 
et al., in press). 353 
At least nine volcaniclastic deposits originating from Redoubt Volcano have been 354 
documented in the major valleys immediately surrounding the cone (Begét and Nye, 355 
1994; Riehle et al., 1981).  The largest deposit is located in the Redoubt Creek valley, 3 356 
km south of Bear Lake and was emplaced about 10,500 14C yr BP, older than the base of 357 
our core.  In the Crescent River valley, 20 km southwest of Bear Lake, another major 358 
eruption is represented by two clay-rich lahars dated at ca. 3600 14C yr BP (3965 to 3875 359 
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cal yr).  14C ages from the outer ring of a large, in growth position tree constrains the age 360 
of these deposits (Begét and Nye, 1994).  The only tephra within this age range in our 361 
core from Bear Lake is a 0.1-cm-thick, fine ash at 297.9 cm depth deposited 3930 ± 90 362 
cal yr (Table 3).  If this tephra layer was deposited during the same eruption that 363 
emplaced the lahars in Crescent River valley, then little tephra was produced or at least 364 
deposited at Bear Lake, despite the large lahars that were generated. Alternatively, there 365 
is a 3.5-cm thick ash at 275.5 cm depth, which is closely followed by a 1.2-cm-thick 366 
coarse ash dated at 3480 ± 90 cal yr.  If the lahar deposits correlate with this tephra, then 367 
the age model from our core indicates an age of about 400 yr younger than the 14C ages 368 
on wood buried by the lahars, which we cannot explain.  The thick, coarse-ash could 369 
instead correlate with any of the two or three thick lahar deposits exposed along the 370 
North Fork of the Crescent River, where Begét and Nye (1994) describe evidence for 371 
series of small eruptions that generated lahars during the 2000 years following the 372 
emplacement of the voluminous Crescent River lahars.  Twenty tephras from core 373 
BL3/B, of which nine have maximum grain size > 0.1 cm, fall within this time range, 374 
suggesting that the lahar record underestimates the number of eruptions of Redoubt 375 
Volcano. 376 
Core BL3/B contains at least four tephras from Redoubt Volcano over the past 377 
500 yr based on coarse grain size (Table 3, bold).  This is consistent with the number of 378 
eruptions inferred from other evidence, including volcaniclastic deposits in the Drift 379 
River valley, north of Bear Lake (Begét and Nye, 1994), and the three tephras that were 380 
erupted from Redoubt Volcano within the past 500 yr and were identified in a core from 381 
Skilak Lake, located on the Kenai Peninsula, 150 km east of the Redoubt Volcano (Begét 382 
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et al., 1994).  The correlations between the tehpra at Bear Lake and any of these other 383 
deposits will require new geochemical analyses. 384 
 385 
6. Conclusions 386 
 387 
Lacustrine sediment from Bear Lake contains at least 67 tephra layers of Holocene age, at 388 
least 29 of which were likely erupted from nearby Redoubt Volcano.   Our study 389 
reconfirms that lake deposits in south-central Alaska recovered by conventional coring 390 
techniques can yield high-quality records of tephra fall.  It also provides an example of 391 
developing an age-depth model using a reasonable number of depth-controlled 392 
radiometric ages to determine the ages of many tephra layers.  Our tephra record from the 393 
base of Redoubt Volcano nearly doubles the number of tephra-fall events at Bear Lake 394 
compared to previous studies and indicates an average fall frequency of one event every 395 
300 yr.  Our data also indicate extended periods of increased tephra fall between shorter 396 
periods of apparent quiescence, and adds a longer-term context to the volcano’s historical 397 
activity (for example tephra-fall at Bear Lake during the past 500 yr was at least as 398 
frequent as any other 500 yr interval of the last 8500 yr).  Our age-depth model also 399 
provides ages of tephra beds that can be used as time markers at other sites, and will be 400 
used as the basis for subsequent tephrochronology studies once geochemical analyses of 401 
the tephras are complete.  402 
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Figure captions  519 
 520 
Fig. 1.  Location of Bear Lake and surrounding Cook Inlet volcanoes and other sites 521 
referenced in text.  Historical eruptions (since AD 1760) are in parenthesis below the 522 
name of each volcano.  523 
 524 
Fig. 2.  (a) Redoubt Volcano and eastern lowlands to the Cook Inlet.  (b) Bathymetric 525 
map of Bear Lake, showing core site locations. 526 
 527 
Fig. 3.  Lithostratigraphy of percussion core BL-3 and associated surface core BL-3B, 528 
with magnetic susceptibility (MS) profile and 14C ages.  Asterisks near MS measurement 529 
indicate measurements taken on tephra unintentionally extruded during core cutting.  530 
Equation 1 (graph inset) describes the depth relationship between tephra visually 531 
correlated between cores.  Munsell soil colors were determined on a fresh surface and the 532 
color variations are shown in the stratigraphic log.  Photo insert shows the two beds of 533 
the Hayes tephra, separated by 1.5 cm of light brown gyttja, a sharp, lower contact, and 534 
gradational upper contact. 535 
 536 
Fig. 4.  (a) Profiles of 137Cs and 210Pbex in surface core BL-3A, and (b) constant rate 537 
supply (CRS) and 14C cubic-spline age models.  Light gray bands with calendar years are 538 
assumed ages of three 137C fallout events and dark gray bands indicate the assumed 539 
tephra locations, measured on core BL-3B.  Ages of the two tephras are plotted where 540 
they intersect the CRS model (dashed line). 541 
 25 
 542 
Fig. 5. (a) Comparison of age-depth models based on fits by a least-squares 4th-order 543 
polynomial (red line) and cubic smooth spline (Heegaarrd et al., 2005), with K values = 9 544 
(grey line) and 14 (blue line).  Inset shows detail of interval where the departure of the 545 
two age-depth models is greatest.  (b) Error envelopes output by the routine of Heegaard 546 
et al. (2005) based on input of both 1 and 2 sigma age ranges.  Each tephra in core BL-547 
3/B was assigned an age based on the spline fit with K = 7; associated age uncertainties 548 
were based on error estimates that incorporate the 1 sigma age ranges.  Individual 14C 549 
ages are shown as calibrated median probability age with errors of 2 sigma ranges output 550 
by CALIB (Table 2). 551 
 552 
Fig. 6.  Histogram showing the frequency distribution of tephra ages in Bear Lake 553 
sediment. 554 
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Table 1 
210Pb, 226Ra, and 137Cs activity, core BL-3A, and calculated 210Pbex inventory and 
constant rate of supply model ages (relative to AD 1950) 
Depth Density 210Pb     226Ra     137Cs     210Pbex Age 
(cm blf) (g cm-3) (dpm g-1)   (dpm g-1) (dpm g-1) (dpm cm-2) (yr)a 
0-0.5 0.22 24.78 ± 1.42 0.32 ± 0.18 5.10 ± 0.21 2.69 -49 
0.5-1.0 0.20 20.35 ± 1.05 0.36 ± 0.14 5.95 ± 0.16 2.00 -45 
1.0-1.5 0.20 20.22 ± 1.27 0.52 ± 0.06 4.91 ± 0.19 1.97 -39 
1.5-2.0 0.20 22.37 ± 1.43 0.00 ± 0.21 5.44 ± 0.22 2.24 -31 
2.0-2.5 0.21 21.32 ± 1.14 0.61 ± 0.16 3.93 ± 0.16 2.18 -21 
2.5-3.0 0.19 13.69 ± 1.33 0.05 ± 0.21 2.45 ± 0.22 1.30 -13 
3.0-3.5 0.22 9.19 ± 1.16 0.19 ± 0.17 1.07 ± 0.15 0.99 -5 
3.5-4.0 0.26 8.05 ± 0.86 0.42 ± 0.13 0.54 ± 0.11 0.99 6 
4.0-4.5 0.32 3.74 ± 0.93 0.58 ± 0.13 0.34 ± 0.11 0.76 17 
5.0-5.5 0.19 1.88 ± 1.45 0.25 ± 0.21 0.63 ± 0.16 0.31 23 
6.0-6.5 0.21 3.92 ± 1.30 0.09 ± 0.17 0.44 ± 0.14 1.21 82 
8.0-8.5 0.18 0.69 ± 1.34 0.01 ± 0.23 0.01 ± 0.17 0.15 117 
 
aAge relative to AD 1950 estimated from measured excess 210Pb, bulk density, and 
sample-interval thickness.  Interpolated thicknesses were used for the four deepest 
samples. 
 
Table 1
Table 2 
Radiocarbon ages from core BL-3 
Depth          
(cm blf)a 
Tephra-free 
depth (cm)a 
Lab ID     
(CAMS-) 
14C age    
(yr BP) 
Calibrated age 
(cal yr)b Dated material 
67.5 63.4 120731 850 ± 35 780 ± 46 Leaf blades 
150.0 137.8 120732 1705 ± 35 1612 ± 70 Leaf blades 
183.0 166.8 120733 2185 ± 35 2230 ± 80 Leaf blades 
195.0 178.4 120734 2300 ± 40 2320 ± 80 Leaf blades 
229.5 209.8 120735 2890 ± 35 3030 ± 60 Wood 
284.5 251.6 120736 3410 ± 35 3660 ± 50 Alnus leaf blades 
339.5 295.5 120737 3835 ± 35 4290 ± 70 Leaf blades 
377.5 323.8 120738 4575 ± 35 5290 ± 180 Leaf blades 
402.0 343.4 120875 5125 ± 35 5870 ± 80 Leaf blades 
444.0 378.4 120876 5720 ± 35 6550 ± 70 Leaf blades 
465.0 398.6 120877 6025 ± 35 6870 ± 70 Leaf blades 
572.5 488.1 120878 7980 ± 40 8860 ± 100 Leaf blades 
 
Note: 14C ages were calculated following the conventions of Stuiver and Polach (1977) 
including assumed δ13C values of -25‰. 
aCentered depth of sampled layer. 
bMedian probability ± one half of 1 σ age range from CALIB v.5.0.2 (Stuvier and 
Reimer, 1993). 
Table 2
Table 3  
Tephra depth, thickness, median and maximum grain size, and age, core BL-3/B 
Tube depth 
(cm)a 
Depth 
(cm blf)a 
Thickness 
(cm) Grain size 
Max grain size 
(cm)b 
Modeled 
Tephra age 
(cal yr BP)c 
3.0d 3.0 0.4 fine ash 0.5 -15 ± 10 
7.5d 7.5 1.5 fine ash 3.0 50 ± 20 
5.2 15.2 0.6 fine ash 2.0 100 ± 50 
9.2 19.2 0.2 coarse ash 1.5 150 ± 50 
22.2 32.2 0.4 fine ash 0.5 300 ± 60 
24.3 34.3 0.1 fine ash 0.3 330 ± 60 
31.4 41.4 0.3 fine ash 0.5 410 ± 60 
34.4 44.4 0.4 fine ash 1.0 440 ± 60 
46.1 56.1 0.2 fine ash 6.0 590 ± 70 
65.0 75.0 5.2 fine ash 3.0 760 ± 80 
104.4 114.4 0.4 fine ash 0.5 1270 ± 90 
113.3 123.3 1.2 coarse ash 6.0 1380 ± 90 
118.5 128.5 0.2 coarse ash 3.5 1450 ± 90 
134.1 144.1 1.1 fine ash 1.0 1660 ± 100 
169.5 179.5 4.0 medium lapillus 10.0 2130 ± 100 
185.9 195.9 0.4 fine ash 2.5 2390 ± 110 
187.1 197.1 0.1 fine ash 0.3 2410 ± 100 
190.5 200.5 1.1 fine ash 1.0 2450 ± 100 
192.0 202.0 0.5 fine ash 0.5 2460 ± 100 
200.4 210.4 0.6 fine ash 1.5 2600 ± 100 
202.8 212.8 0.6 fine ash 0.3 2630 ± 100 
205.1 215.1 0.1 fine ash 0.3 2660 ± 90 
209.1 219.1 0.1 fine ash 0.3 2730 ± 90 
212.0 222.0 0.3 fine ash 3.5 2780 ± 90 
217.2 227.2 0.2 fine ash 0.3 2860 ± 90 
228.4 238.4 1.8 fine ash 0.3 3030 ± 90 
233.0 243.0 1.8 fine ash 0.5 3080 ± 90 
239.5 249.5 4.0 fine lapillus 9.0 3120 ± 90 
243.1 253.1 0.3 fine ash 2.5 3180 ± 90 
258.4 268.4 0.3 fine ash 0.3 3460 ± 90 
260.6 270.6 1.2 coarse ash 2.0 3480 ± 90 
265.5 275.5 3.5 fine ash 0.3 3510 ± 90 
271.8 281.8 0.3 fine ash 0.5 3620 ± 90 
287.9 297.9 0.1 fine ash 0.3 3930 ± 90 
300.5f 310.5 8.0 fine ash 0.3 4030 ± 90 
305.2 315.2 0.7 fine ash 0.3 4110 ± 90 
Table 3
312.8 322.8 2.3 fine ash 0.3 4210 ± 90 
333.6 343.6 0.6 coarse ash 0.5 4640 ± 110 
335.2 345.2 0.4 fine ash 0.3 4660 ± 110 
345.0 355.0 7.4 medium lapillus 210.0 4710 ± 120 
349.6 359.6 0.2 fine ash 0.3 4810 ± 130 
355.0 365.0 0.5 fine ash 0.3 4920 ± 150 
356.8 366.8 0.6 coarse ash 0.5 4940 ± 150 
374.0 384.0 0.6 fine ash 2.0 5310 ± 170 
376.1 386.1 0.1 fine ash 0.3 5360 ± 160 
379.5 389.5 1.7 medium lapillus 7.0 5400 ± 150 
383.5 393.5 2.5 fine ash 1.5 5430 ± 140 
390.0 400.0 ?g ?g 0.3 5580 ± 120 
400.8 410.8 6.3 coarse ash 2.5 5680 ± 110 
414.4 424.4 0.1 fine ash 0.3 5980 ± 100 
420.1 430.1 0.1 fine ash 0.3 6110 ± 100 
432.3 442.3 0.5 coarse ash 1.5 6370 ± 100 
435.8 445.8 0.3 fine ash 0.2 6450 ± 100 
438.4 448.4 0.2 fine ash 0.3 6500 ± 100 
449.5 459.5 0.3 fine ash 0.3 6740 ± 100 
463.3 473.3 0.7 coarse ash 2.5 7040 ± 110 
472.4 482.4 0.2 fine ash 0.5 7240 ± 120 
476.9 486.9 1.1 fine ash 0.5 7320 ± 120 
480.0 490.0 1.7 fine lapillus 3.5 7350 ± 120 
481.8 491.8 1.5 fine ash 0.3 7360 ± 120 
487.2 497.2 1.4 fine ash 0.5 7450 ± 130 
495.2 505.2 4.2 medium lapillus 14.0 7530 ± 130 
501.4 511.4 4.8 coarse ash 4.0 7560 ± 130 
505.7 515.7 0.8 fine ash 0.5 7640 ± 140 
542.3 552.3 0.3 fine ash 1.0 8460 ± 170 
545.0 555.0 0.2 fine ash 2.0 8510 ± 170 
552.0 562.0 0.6 fine ash 0.5 8660 ± 180 
 
Note: Bold = tephras with maximum grain size > 1.0 mm; probably originating from 
Redoubt Volcano (Riehle, 1985). 
aDepth below lake floor (blf) to base of tephra. 
bLong axis of the largest single grain for tephras with grains  > 1.0 mm.  Otherwise, 
maximum grain size was categorized for intervals of 0.3, 0.5, and 1.0 mm. 
cAge and age uncertainties based on model shown in Fig. 5. 
dTephras recovered from surface core BL-3B. 
eAges based on 210Pb constant rate of supply (CRS) age model (Fig. 4b) with assumed 
±20% uncertainty. 
fPresence of biotite is inferred to be diagnostic of the Hayes tephra. 
gTephra located at core break and thickness could not be ascertained. 
 
